The 1,815,783-bp genome of a serotype M49 strain of Streptococcus pyogenes (group A streptococcus [GAS]), strain NZ131, has been determined. This GAS strain (FCT type 3; emm pattern E), originally isolated from a case of acute post-streptococcal glomerulonephritis, is unusually competent for electrotransformation and has been used extensively as a model organism for both basic genetic and pathogenesis investigations. As with the previously sequenced S. pyogenes genomes, three unique prophages are a major source of genetic diversity. Two clustered regularly interspaced short palindromic repeat (CRISPR) regions were present in the genome, providing genetic information on previous prophage encounters. A unique cluster of genes was found in the pathogenicity island-like emm region that included a novel Nudix hydrolase, and, further, this cluster appears to be specific for serotype M49 and M82 strains. Nudix hydrolases eliminate potentially hazardous materials or prevent the unbalanced accumulation of normal metabolites; in bacteria, these enzymes may play a role in host cell invasion. Since M49 S. pyogenes strains have been known to be associated with skin infections, the Nudix hydrolase and its associated genes may have a role in facilitating survival in an environment that is more variable and unpredictable than the uniform warmth and moisture of the throat. The genome of NZ131 continues to shed light upon the evolutionary history of this human pathogen. Apparent horizontal transfer of genetic material has led to the existence of highly variable virulence-associated regions that are marked by multiple rearrangements and genetic diversification while other regions, even those associated with virulence, vary little between genomes. The genome regions that encode surface gene products that will interact with host targets or aid in immune avoidance are the ones that display the most sequence diversity. Thus, while natural selection favors stability in much of the genome, it favors diversity in these regions.
Group A streptococcus ([GAS] Streptococcus pyogenes)
causes a wide range of human diseases ranging from uncomplicated pharyngitis to life-threatening invasive disease. Acute post-streptococcal glomerulonephritis (APSGN) is one of the nonsuppurative sequelae that can occur following a GAS infection; the other common postinfection sequelae are rheumatic heart disease. Worldwide, it is estimated that approximately 470,000 cases of APSGN occur annually (23) . Children and young adults are affected most commonly, with males having twice the incidence as females (74) . By the 1940s, evidence was found that streptococcal skin infections were associated with APSGN, and these infections usually did not cause rheumatic fever, leading to the hypothesis that certain GAS strains were "rheumatogenic" while others were "nephritogenic" (41, 72) . Further, divergent seasonal patterns of peak incidence exist separating nephritogenic and rheumatogenic GAS, with APSGN cases peaking in the late summer simultaneously with skin infections while rheumatogenic and throat infections reached the highest incidence in October (18) . The study by Bisno and coworkers further demonstrated that during the summer peak of APSGN outbreaks, cases of rheumatic fever were virtually absent. Thus, clinical evidence strongly suggested the existence of a subpopulation of GAS that was adapted for colonization and infection of the skin and whose arsenal of virulence factors led to the onset of glomerulonephritis following infection.
Serological classification based upon the major surface M protein has been used to categorize GAS for well over half a century, and although strains causing glomerulonephritis are usually associated with certain M types, not all strains of a particular M type will have the potential to cause APSGN. Still, a correlation between M type, anatomical site of initial infection, and the appearance of APSGN has been observed. Nephritogenic strains of GAS associated with pyoderma and other skin infections tend to be associated most commonly with M antigen serotypes 2, 42, 49, 56, 57, and 60. By contrast, strains associated with rheumatic fever and throat infections are typically associated with M types 1, 4, 12, and 25 (17, 74, 78) . These differences led to a classification of GAS into class I (throat isolates) or class II (skin isolates) types. Further work has demonstrated that these classifications can be refined to include specific genetic differences that include variations in the emm region, the FCT region associated with the T antigen or streptococcal pilus, the presence or absence of serum opacity factor (SOF), infection types, and differences in immunoglobulin G binding proteins (7, 10, 14, 33, 36, 49, 80, 86) .
GAS strain NZ131 is a serotype M49 strain originally isolated from a clinical case of APSGN in New Zealand; NZ131 originally attracted attention because of its ability to undergo transformation at frequencies of up to 10 7 per microgram of plasmid DNA (75) . Such frequencies are in contrast to many GAS strains that are often difficult to manipulate genetically. The ability of strain NZ131 to cause nephritis symptoms similar to those observed in humans in an animal model system has also been demonstrated (65, 66) . Thus, its pathogenic potential and usefulness for genetic manipulation have led to the widespread use of strain NZ131 as a model organism in research investigations by a number of laboratories (2, 5, 22, 24-31, 34, 35, 37, 40, 42, 49, 53, 56-59, 62-66, 68, 70, 77, 84) . Thus, the presented nucleotide sequence of the NZ131 genome will facilitate these ongoing as well as future studies.
To date, the genome sequences of 12 strains of GAS have been determined, representing strains of serotypes M1, M2, M3, M4, M5, M6, M12, M18, and M28; the genomes of two separate strain isolates have been determined for serotypes M1, M3, and M12 (Table 1) . Genetic variation is essential to survival for all organisms, and each of these GAS genomes reveals that the endogenous prophages are major sources of diversity for this bacterium. However, in addition to prophages, additional unique genetic material can be found in GAS genomes that could promote fitness or survival of this organism. An illustration of this point is a cluster of genes found in the strain NZ131 genome (nudABC) as part of the emm49 pathogenic region that is apparently unique to M49 and M82 strains. Thus, the sequencing of this M49 serotype strain has provided not only complementary information to the many previous studies using NZ131 that allows them to be placed in a broader context but also new information that will open up additional investigations to shed light upon the genetic basis for the human disease caused by this and related GAS strains.
MATERIALS AND METHODS
Bacterial strains. GAS strain NZ131 was originally isolated from a case of APSGN and was provided by Diana Martin, New Zealand Communicable Diseases Center, Porirua, New Zealand (75) . For screening the nudABC gene cluster, 60 GAS strains from the collection of the University of Oklahoma Health Sciences Center covering a range of serotypes were selected (serotypes M1, M2,  M3, M4, M6, M9, M11, M12, M22, M25, M28, M29, M49, M53, M58, M60, M82,  M87, M103, M107, M111, and M118 ). These M49 strains were isolated from cases of APSGN, scarlet fever, or pharyngitis. In addition to these strains, a second group of 22 different M49 GAS strains was kindly provided by Bernard Beall from the CDC collection and were invasive strains collected in the United States during a six-year period from 2000 to 2006 (see Table S1 in the supplemental material). For strains that had not been previously typed by serology in the collection, M protein typing was done by PCR amplification of the variable nucleotide regions of the emm genes as previously described (6) , sequencing of the PCR products, and comparison to known emm alleles. Twenty-two relatively conserved signal sequence residues and the first 83 residues of the mature M proteins were used for phylogenetic analysis. The emm sequence data for known strains were obtained from the S. pyogenes emm sequence database (Division of Bacterial and Mycotic Diseases, Centers for Disease Control and Prevention; http://www.cdc.gov/).
Genome sequencing and annotation. DNA isolation, library construction, DNA sequencing, assembly, and final editing were done as previously reported (1, 39) . The complete genome sequence has been deposited in the GenBank database under accession number CP000829. The GAS strain is available through the American Type Culture Collection (ATCC BAA-1633). The initial annotation was done with the assistance of Ross Overbeek, National Microbial Pathogen Data Resource. The software package BASys (83) and in-house perl scripts were used for construction of the circular genome map.
Genome and sequence analysis. Genome comparisons were done using MUMmer (54) , and multiple DNA alignments were done using CLUSTAL W and Base-by-Base software (21, 82) . Correspondence analysis of codon and amino acid usage to calculate the codon adaptation index (CAI) (73) of the NZ131 coding regions was performed using CodonW (http://codonw.sourceforge .net/). Gram-positive signal peptide prediction was performed using SignalP (8) . Clustered regularly interspaced short palindromic repeat (CRISPR) region analysis of the NZ131 genome was done using the University of Paris-Sud 11 online CRISPRfinder program (http://crispr.u-psud.fr/Server/CRISPRfinder.php) (46) . GAS multilocus sequence typing (MLST) was performed as previously described (36) and using the online S. pyogenes database query tool (http://spyogenes.mlst .net). FCT region and emm pattern analysis were done using previously established criteria (13, 51) . Invasive and noninvasive M49 strains were used to survey for the presence of the NZ131 prophage integrases by PCR (see Table S2 in the supplemental material). PCR was performed using genomic DNA as templates under a condition of 25 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 60 s. PCR products were separated on a 2% agarose gel and visualized after ethidium bromide staining.
Analysis of nudABC in S. pyogenes strains. To detect the nudA, nudB, and nudC genes in S. pyogenes strains, the primer pairs listed in Table S2 in the supplemental material were used to amplify internal regions of nudA, nudB, or nudC (303, 355, and 626 bp, respectively). PCR was performed using genomic DNA as templates as described above.
For transcript mapping of nudABC and their surrounding genes, PCR was performed using cDNA and primers that would amplify regions from adjoining genes (see Table S3 in the supplemental material). Total RNA (20 g) was isolated from either SF370 (an nudABC mutant) or NZ131 (nudABC ϩ ) and reverse transcribed using the SuperScript II system (Invitrogen) for first-strand cDNA synthesis. For a reaction, 500 ng of random hexamers (Invitrogen) was mixed with the RNA in a total volume of 12 l and heated to 70°C for 10 min. After the mixture was cooled to 25°C within 10 min, the reaction buffer was added according to the manufacturer's recommendations. After incubation at 25°C for 10 min, 1,800 U of SuperScript II was added to the reaction mixture and heated to 42°C within 10 min and incubated for 50 min. SuperScript II was heat inactivated at 70°C for 15 min, and the mixture was cooled to 4°C. RNA was removed using 2 U of RNase H (Invitrogen) and 5 g of RNase A (Epicentre Technologies) for 10 min at 37°C in a 60-l total volume. The cDNA was purified using the QiaQuick PCR purification kit (Qiagen). The concentration of cDNA was determined by the absorption at 260 nm. PCR was performed using primers that were positioned to amplify a region that included part of each adjoining open reading frame (ORF) and the separating intergenic sequence. Parallel reactions were employed using either chromosomal DNA (positive control) or purified RNA (negative control) for the reaction template. Amplified fragments were separated by agarose gel electrophoresis and visualized following ethidium bromide staining. The identities of the amplified sequences were confirmed by DNA sequencing. 
RESULTS
Overview of the genome sequence of strain NZ131. The genome of strain NZ131 is a single circular DNA molecule of 1,815,783 total bases ( Fig. 1 ) and is the smallest S. pyogenes genome sequenced to date (Table 1) . There are 1,699 probable protein-encoding ORFs that use 1,548,919 bases so that 85.3% of the genomic DNA is used as coding sequences. The base composition of the ORFs is 39.18% GϩC while the composition of the total genome is 38.57%; both values are similar to the composition seen in the other completed GAS genomes. The multilocus sequence analysis indicates that the strain is MLST type 30 as are some other M49 strains found in the S. pyogenes MLST database (http://spyogenes.mlst.net). Six ribosomal gene clusters are present and occupy the same conserved locations noted in the other GAS genomes. A single identifiable riboswitch is positioned next to the gene for xanthine phosphoribosyltransferase (9); this element is universally conserved in all of the sequenced GAS genomes. The overall genome arrangement is colinear with the M1 genome strain and does not show the inversion around the origin of replication and terminus that is seen in genome strains Manfredo and SSI-1. As is the case with all sequenced strains, prophages and insertion (IS) elements make up much of the observed genetic diversity although strain NZ131 has unique genetic characteristics that may help define M49 strains. Predicted signal peptides were found in 195 of the encoded proteins.
Codon usage analysis (see Fig. S1 in the supplemental material) showed that while codon triplets tended to be adapted to the overall percent GϩC content of the genome (average codon GϩC content, 38.7%), the third position tended to vary from this average and favored synonymous codons with either A or T in the third position (third position average GϩC content, 29.2%). The CAI provides insight into how well adapted codon usage is for a given ORF. A high CAI value reflects the optimized use of the organism's preferred codons and is characteristic of highly expressed genes (73) . Conversely, low CAI values may indicate genetic material that has been recently acquired and has not undergone codon optimization by natural selection. The calculation of the CAI for the NZ131 predicted ORFs showed that 78.2% of the ORFs had CAI values that fell within 1 standard deviation of the mean CAI of 0.4411 (see Fig. S1 in the supplemental material). As might be expected, genes encoding ribosomal proteins, glycolytic and other metabolic enzymes, and enzymes involved in transcription and translation mainly comprised the group with the highest CAI values (Ͼ2 standard deviations). Interestingly, this group of potentially highly expressed genes included several encoding hypothetical proteins, including Spy49_0729, a 
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NZ131 GENOME SHEDS LIGHT ON GAS PATHOGENICITY 7775 hypothetical protein that is conserved in many streptococcal species. Genome prophages and other notable mobile genetic elements. The role played by GAS prophages as vectors of virulence genes is well established, with examples provided by every sequenced genome. Three distinct prophage genomes were found in strain NZ131, occupying 101,578 bases of the bacterium's genome (5.6%) and encoding 112 predicted ORFs. Two of these prophages appear to have complete genomes while the third lacks many typical phage genes and is presumably a remnant that has undergone extensive deletion. The genetic arrangement of the two complete prophage genomes is typical and similar to the previously identified GAS prophages, with identifiable modules for integration and lysogeny, DNA replication, DNA packaging, structural proteins, host cell lysis, and virulence. However, as with all of these viral genomes, each contains unique genetic material. The absence of prophages at many of the commonly used bacterial attachment sites (attB) may reflect a certain genetic isolation or different selective pressures of these strains. For example, no prophage is integrated at the frequently used histone-like protein attachment site in contrast to the genomes of strains SF370, MGAS10750, SSI-1, MGAS8232, MGAS315, MGAS5005, Manfredo, and MGAS10394. The tmRNA gene that is the attachment site for bacteriophage T12 is also unoccupied in strain NZ131 although it is fully capable of participating in site-specific integration, as has been demonstrated using recombinant constructs (58, 60) . Further, no prophage is integrated into the 5Ј end of the DNA mismatch repair gene mutL ORF, which occurs in 6 of the 12 published genomes.
Prophage NZ131.1. Prophage NZ131.1 appears to be a genetic remnant of a unique prophage that is not found in any of the other GAS genomes sequenced to date. It encompasses 16,182 bp with a 35.27% GϩC content and encodes 23 predicted ORFs. The integration site is near the promoter of hypothetical protein Spy49_0371, but the attB duplication cannot be determined since the distal part of the phage genome and the attachment site apparently have been deleted. The surviving prophage DNA lacks genes for structural or lysis proteins, and no genes encoding recognizable virulence factors are observed. However, there are many genes encoding hypothetical proteins, and thus the possibility that one is associated with pathogenesis cannot be eliminated. Its presence in M49 strains seems to be sporadic since only 7 out of 38 M49 clinical isolates analyzed were positive for the prophage integrase gene (see Table S4 in the supplemental material). Therefore, while it is a prophage remnant, it does not seem to be a long-standing genetic element that is characteristic for M49 strains.
Prophage NZ131.2. Prophage NZ131.2 has a 37,895-bp genome of 39.29% GϩC content that encodes 45 ORFs. It is integrated into the 3Ј end of the gene for dTDP-glucose 4,6-dehydratase such that normal coding of this gene is maintained. This attachment site is also used by a diverse group of prophages found in the Manfredo, SF370, MGAS10750, MGAS10270, and MGAS9429 genome strains. Accordingly, prophage NZ131.2 shares a nearly identical integrase gene with these prophages although the remainder of its genome is quite distinct and contains extended homologous regions with prophages from GAS strains MGAS9429, MGAS5005, MGAS2096, MGAS315, MGAS10394, and SSI-1 (Fig. 2) . All of these prophages encode a phage DNA polymerase and at least one virulence-associated gene although no virulence gene is common to all. Prophage NZ131.2 encodes the virulence factor gene for streptococcal pyrogenic exotoxin H (speH). Prophages occupying this attachment site are possibly common in serotype M49 strains since 25 out of 38 clinical isolates were positive for the associated integrase gene (see Table S4 in the supplemental material).
Prophage NZ131.3. The third large prophage in the NZ131 genome, prophage NZ131.3 with 47,501 bp, is integrated into 5Ј end of the conserved hypothetical protein Spy49_1532, separating it from its normal promoter. This particular attachment site, not previously observed in GAS strains, is identified by the sequence duplications flanking the prophage (5Ј-ATATGAT GAATATGC-3Ј). The effect on host gene Spy49_1532 resulting from prophage integration into its promoter is unknown, but its expression may be altered or repressed, as in the case of the DNA mismatch repair gene mutL in GAS strain SF370 that is controlled by prophage excision in response to growth (71) . The prophage genome has 37.96% GϩC content and encodes 67 ORFs, including the virulence-associated streptodornase (spd3) and the paratox genes (3) as well as hyaluronidase. Prophage NZ131.3, while sharing DNA modules with previously discovered GAS genome phages, is less clearly related to any group and contains large regions of unique DNA sequence. Therefore, members of this prophage family may be genetically isolated from some other serotypes of GAS. Previous studies suggest that historic class II streptococci are associated with carriage of specific alleles of extoxins and not others (11); it may be that specific proteins, acting as surface receptors for phage attachment, limit the distribution of some phages. It is uncertain whether this prophage is present in the incomplete M49 S. pyogenes strain 591 whole-genome shotgun sequence (accession number AAFV01000000) since none of the phage-associated sequences or the flanking bacterial genome regions are present in the database. However, the presence of prophages at this attachment site may be sporadic in M49 strains since only 3 out of 38 were positive for the integrase gene (see Table S4 in the supplemental material).
IS elements. A number of complete IS elements or fragments are found in the NZ131 genome, including several that appear to be common to most or all of the sequenced GAS genomes (for example, the tandem IS861 elements found in all genomes). Two copies of IS1161 are found, and one has inserted into the maltodextrose operon, deleting 7 of the 13 genes that compose this operon. One mobile element, encompassing genes Spy49_0166 to Spy49_0170, may be a transposon that encodes several proteins of unknown function including a potential transcription factor related to the mga global regulator of GAS. This particular mobile element has also been found in the SF370, MGAS6180, MGAS5005, MGAS9429, MGAS10270, and MGAS2096 genomes, and its frequent appearance suggests that it may confer selective value upon its hosts, perhaps even influencing virulence. The most interesting mobile element found in the genome is located in the cluster of virulence genes surrounding the emm gene encoding the major antiphagocytic M protein. As discussed below, a Nudix hydrolase may have been acquired as part of a complex transposon containing an IS861 element.
CRISPR elements. CRISPR elements are repeat structures found in many prokaryotic genomes, including streptococci, and are composed of both tandem and interspaced repeats. A CRISPR locus is characterized by a succession of 21-to 47-bp direct repeat (DR) sequences separated by unique sequences of a similar length (spacers), giving a structure of the following type: DR 1 -spacer 1 -DR 2 -spacer 2 . . . DR n-1 -spacer n-1 -DR n , where n is the number of repeats.
The spacers often are sequences derived from bacteriophage genomes, and the expression of CRISPR is thought to create anti-phage mRNA, interfering with the genetic program of the lytic cycle (4, 20, 61) . Two predicted CRISPR regions are found in the NZ131 genome, one beginning at 827,277 bp and the other at 1,201,583 bp, and contain four and five spacers, respectively ( Table 2) . While several spacers have no known homologs, others contain prophage sequences that are associated with the lytic cycle and that have previously been identified by genome sequencing. These CRISPR elements provide a glimpse of previous encounters with bacteriophages in the evolutionary past by NZ131, and if indeed these elements represent an anti-phage mechanism in GAS, they suggest that certain prophage-associated genetic elements are restricted from contributing to future new phage infections in this strain.
Virulence-associated hypervariable regions. Outside of the prophage genomes and other mobile elements, much of each GAS genome is essentially colinear with the corresponding 
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on August 15, 2017 by guest http://jb.asm.org/ regions in the other genomes, taking into account the inversions near the origin of replication and the terminus in strains SSI-1 and Manfredo. However, two regions consistently show great variation and confer much of the individuality of a given strain. First, and central to the virulence of GAS, is the ϳ73-kbp region of each genome containing the gene for the major antiphagocytic M protein (emm) as well as many other virulence-associated genes (vir regulon) (Fig. 3) . It has been previously noted that significant variations exist between GAS serotypes in the emm region, with the presence of the SOF protein being one defining characteristic of historic class II GAS strains. Further, specific regions, particularly associated with emm and emm-like genes, show evidence of variation that may be related to horizontal transfer (85) . When the different GAS genomes are compared over this region, the characteristic portions of the NZ131 genome are easily recognized (Fig.  3) , which includes the novel group of genes containing a Nudix hydrolase, described below. A second region demonstrating significant genome-to-genome variation is the FCT region containing many genes encoding extracellular matrix binding proteins such as protein F and the streptococcal pilus or T antigen (Fig. 4) . Previous analysis of this region has identified genetic subgroups in this region (12, 51, 67) , and the comparison of this region from the different sequenced GAS genomes confirms the degree of diversity in this region (Fig. 4) . The strains can be subdivided into two groups based on whether they carry the gene for either the rofA or nra regulator. NZ131 is a member of the nra group that also includes the M3, M5, and M18 genome strains (FCT-3 group by the recently proposed classification scheme) (51) . Although the M12 and M28 genomes have the rofA regulator, they share large regions of homology with the NZ131 group, suggesting that horizontal transfer of blocks of sequence has contributed to the current constellations. Further, Cpa, FctA, and PrtF2 are required components of the T-antigen complex, undoubtedly providing a selective pressure for maintaining this block (55) . The diversity in this region and in the emm region argues that certain combinations of genes or clusters of genes represent successful combinations that promote colonization, virulence, or survival in infection of a human host. These combinations, along with the acquisition or loss of prophage-associated genes, are important in defining individual strains as well as groups of strains that are related by antigenicity.
Identification and distribution of a unique gene cluster containing a Nudix hydrolase. Among the unique genes found in the strain NZ131 genome were three ORFs positioned between genes for a ribosomal protein L11 methyltransferase (Spy49_1638) and a conserved hypothetical protein (Spy49_ 1642) (Fig. 5) . On a regional scale, these genes are located in the cluster of virulence-associated genes centered on emm49, locally positioned in a cluster of genes between those encoding streptokinase and the C5a peptidase. The central gene of this group encodes a 146-amino-acid protein that contains the Nudix hydrolase motif: GX 5 EX 7 REUXEEXGU (where U is I, L, or V) (15) (Fig. 5) . Nudix hydrolases are enzymes that cleave substrates that are nucleoside diphosphates linked to some other moiety, X. Members of the Nudix hydrolase family are widely distributed from viruses to human in nature (15) , and they seem to hydrolyze potentially hazardous materials such as modified nucleotides or prevent the unbalanced accumulation of normal metabolites (15) . These enzymatic activities have a Two predicted CRISPR elements are found in the NZ131 genome, one beginning at 827,277 bp and the other at 1,201,583 bp. The DR consensus sequence of each CRISPR region and the spacer sequences for each are shown. Spacers whose sequences are part of known GAS genes have the homologous region identified by strain and ORF. In all cases, prophage genes are the source of these identifiable spacer sequences.
been suggested to play roles in cellular stress responses and, in bacteria, host cell invasion (15, 16, 32, 43, 44) . The three genes appear to form a coordinated genetic group, and so the three ORFs were named nudA, nudB, and nudC, with nudB specifying the Nudix hydrolase and nudA and nudC encoding the two flanking Nudix-associated proteins.
The occurrence of nudA, nudB, and nudC in GAS was determined by PCR analysis among a variety of M type strains (Fig. 6) . The nudABC genes always occurred together in all strains that contained them and were found in all M49 and M82 strains tested (12 and 10, respectively) (Fig. 6B ). By contrast, these genes were not found in any of the other strains analyzed. Consistent with these results, the published M1, M2, M3, M4, M5, M6, M12, M18, and M28 GAS genomes do not contain nudABC. Therefore, we concluded that the nudABC genes are strongly associated with the M49 and M82 strains, and it is noteworthy that M-type-specific genes have been rarely found except for SOF or emm-related genes. No associations were observed between the presence of nudABC and disease in this survey. The M49 S. pyogenes strain 591 wholegenome shotgun sequence did not contain this cluster of genes, but the absence of the cluster may simply reflect incomplete coverage of this genome.
Comparison of the regions from strains SF370 and NZ131 shows that the nudABC cluster is an insertion into a predicted common operon containing the genes Spy1989, Spy1988, and Spy1987 (SF370 complement strand). Promoter analysis predicted a highly probable promoter (P ϭ 1.0) positioned in front of Spy1989; secondary promoters were also predicted with lower probability within several of the ORFs, making their existence less likely. The analysis suggested that Spy1989 through Spy1987 would be transcribed on a polycistronic message, and thus it was probable that in NZ131 nudABC would be incorporated into this mRNA. To test this hypothesis, mRNA was isolated from strains SF370 and NZ131, converted into cDNA, and used as the template for PCR amplification with primers positioned to amplify the ends of adjacent ORFs along with the separating noncoding regions (see Table S3 in the supplemental material). These studies showed that the ORFs were transcribed in a polycistronic message, with the novel M49 genes existing as an insertion in this message in NZ131; the predicted mRNAs are indicated by lines with arrow above the ORFs in Fig. 5 . The PCR amplification in these mapping studies was not due to chromosomal contamination since the isolated mRNA amplified no product until it was converted into cDNA by reverse transcription (not shown).
Codon usage analysis suggests that the addition of nudABC to this operon may have occurred recently. As discussed above, the CAI of a gene can provide evidence of recent acquisition by horizontal transfer. The CAI values for several genes, either of GAS or prophage origin, are shown in Fig. 7 . The selected genes include a number of well-characterized virulence genes FIG. 3 . Comparison of the emm regions from the sequenced GAS genomes. The NZ131 genes from the ϳ73-kbp region containing emm are shown at the bottom of the figure with the multiple alignment of this region with the corresponding regions from the other genome strains shown above. The alignment is presented by percentage similarity (grayscale) and by identifying insertions/deletions/substitutions (identified by color). For M types for which the genome has been sequenced more than once, only one example was selected unless significant differences existed. The genes associated with M49 streptococci are shown in green, and the genes associated with IS861 are shown in pink. Some genes are identified to provide orientation: ska (streptokinase), nudABC (Nudix hydrolase cluster [this work]), fbp (fibronectin binding protein), enn49, emm49 (serotype 49 M protein), sof , speB (streptococcal protease SpeB), and mf1 (mitogenic factor).
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on August 15, 2017 by guest http://jb.asm.org/ from strain NZ131 that are either common to all GAS strains (e.g., streptolysin O) or are bacteriophage encoded (speH). Additionally, the nudABC genes are shown with the surrounding genes common to all GAS strains. As shown in Fig. 7A , most of these genes show nearly average or better CAI values (Ն0.4411). The nudABC genes, however, have lower CAI values than the surrounding universal GAS genes (Spy49_1637, Spy49 _1638, and Spy49 _1642) that are predicted to share the same polycistronic mRNA; in the case of nudA and nudC, this variance is more than 1 standard deviation below the mean. Such anomalous codon usage may result from the recent acquisition by serotype M49 and M82 GAS strains. Except for nudC, the difference in CAI is not reflected by a similar anomaly in percent GϩC content, suggesting that recent horizontal transfer events may not result in noticeable base pair compositional variations from the surrounding DNA (Fig. 7B) .
DISCUSSION
The sequencing and analysis of the strain NZ131 genome have led to several important insights into serotype M49 strains of GAS and will provide a platform to expand the previous research studies using this strain. First, a new group of M49-type-specific genes has been identified that along with the previously identified sof-and emm-related genes better refine the identity of these strains. This cluster of specific genes (nud-ABC) was identified in the emm49 pathogenic region of the S. pyogenes NZ131 genome and may be unique to M49 and M82 strains although a more exhaustive survey would be required for a definitive answer. The nudABC genes are an insertion into a three-gene operon of unknown function (Spy49_1637, Spy49_1638, and Spy49_1642) that is common to all GAS strains, resulting in its expansion to six genes while maintaining FIG. 4 . FCT (pilus/T antigen) regions of GAS genome strains. The genes from the streptococcal FCT (pilus/T antigen) region from each genome strain were compared by CLUSTAL W alignment. The M3, M5, M18, and M49 genomes were closely related at the nucleotide level over this region, and all contained the nra regulator gene. By contrast, the remaining genomes (M1, M2, M4, M6, M12, and M28) substituted the rofA gene for nra and were more diverse as a group in general. Since the serotypes that have been analyzed by genome sequencing more than once (M1, M3, and M12) are essentially identical over this range, only one of each serotype is shown. The FCT region type (51) and the emm pattern (13) the common promoter. Gene nudB was found to be a member of the Nudix hydrolase family while the two associated genes (nudA and nudC) remain functionally unidentified. However, both of these associated genes are intriguing: nudA is related to proteins found in bacteria associated with extreme environments, while nudC is a predicted transmembrane protein.
Gene nudA encodes a member of a group of conserved hypothetical proteins of unknown function defined by COG4043 in the Clusters of Orthologous Groups database (81) . Remarkably, the other members of this protein group are found in the extremophiles Bacillus halodurans, Methanopyrus kandleri, Pyrococcus abyssi, and Pyrococcus horikoshii (50, 76, 79) , suggesting a possible role for these proteins in withstanding some environmental stress. The third ORF, nudC, is 1,083 nucleotides in length and encodes a 360-amino-acid protein with no matches to homologous proteins in the current databases. However, the predicted NudC peptide contains seven transmembrane domains (48, 52) , suggesting that this peptide is positioned in the GAS cell membrane. Considered as a group, the three genes may be involved in some stress response pathway that includes a membrane-associated element that may function in environmental sensing or transport. Since nephritogenic strains have been associated with skin infections (19, 41, 72) , these genes may facilitate survival in an environment that is more variable and unpredictable than the uniform warmth and moisture of the throat. Further, the insertion of these genes into an operon common to all GAS strains suggests that the other encoded proteins in this group, which are universal to GAS, may be also associated with survival against challenges in the host environment. It is unclear, however, whether nudABC contributes to the symptomology of APSGN since other serotypes associated with this disease (M types 2 and 60) lack this group.
Other historic class II GAS genomes (SOF ϩ ) have been analyzed: an emm2 strain (MGAS10270), an emm4 strain (MGAS10750), and an emm28 strain (MGAS6180) that are representative of strains associated with puerperal sepsis (childbirth fever) (45) . A comparison of these strains reveals that while all share defining characteristics of historic class II strains such as being SOF ϩ , they differ in many ways that probably reflect divergent adaptations and evolutionary histories. None of these strains, for example, has the nudABC gene cluster found in NZ131. No prophage attachment sites are common between these other SOF ϩ strains and NZ131. The CRISPR elements found between the strains have DRs identical to the DR of CRISPR element 1 from NZ131 (Table 2) ; however, the strains often have unrelated spacers of phagederived sequences found between these repeats (data not shown), again suggesting a different evolutionary history of previous phage encounters. An allele of streptokinase is found in the M49 strain NZ131 that is distinct from the other strains, and previous studies employing a rabbit infection model have shown that the NZ131 allele is associated with increased nephritogenecity (65) . Significantly, a number of striking differences exist when the emm and pilus/T-antigen regions are compared (Fig. 4 and 5) . Thus, while it may be useful to define a class II group of M type strains based upon specific variants in the emm region, the presence of SOF, and differences in immunoglobulin G binding proteins (7, 10, 14, 33, 36, 49, 80, 86) , the associated disease and site of bacterial colonization may be the most useful characteristics in GAS classification.
The utility of strain NZ131 for electrotransformation was the feature that initially attracted attention to its use (75) , and it was subsequently found to be competent for transformation by both circular and linear DNA (69) . The ability to genetically manipulate strain NZ131 has contributed to its widespread use in research; however, the cellular basis for this enhanced ability to take up genetic material is unclear and is certainly distinct from the natural ability for transformation seen in other streptococcal species like Streptococcus pneumoniae or Streptococcus mutans. As with the other sequenced GAS genomes, NZ131 has genes associated with competence in other species of Streptococcus such as the alternate sigma factor comX. However, genes that have been demonstrated to be important or essential for competence and transformation in related streptococci (such as the comABCDE system of S. pneumoniae and the comEDC-cslBA-bsmH cluster from S. mutans) are missing from NZ131 and the other S. pyogenes genome strains. Hildago-Grass et al. described a locus (sil) that is associated with enhanced virulence and interstrain DNA transfer (47) . Two genome strains, MGAS8232 (M18) and MGAS10750 (M4), have a virtually complete sil locus, while the remaining FIG. 5 . The M49 streptococcal Nudix hydrolase region. The location of nudA, nudB, and nudC genes found in the M49 strain NZ131 are shown compared to the corresponding region from the M1 genome strain SF370 (39) . Transcriptional analysis maps genes Spy1987, Spy1988, and Spy1989 onto a single polycistronic message in strain SF370. In strain NZ131, this operon has been expanded to five genes by the insertion of the three Nudix-associated genes (see Table S3 in the supplemental material). The predicted promoter is indicated by the encircled P, and the Rhoindependent terminator is indicated by the filled circle. VOL. 190, 2008 NZ131 GENOME SHEDS LIGHT ON GAS PATHOGENICITY 7781
on August 15, 2017 by guest http://jb.asm.org/ genome strains, including NZ131, have only the blpM-homolog gene. Indeed, the actual mechanism of genetic transfer mediated by sil is unclear since the possibility of transduction by endogenous prophages was not ruled out by the described experiments (47) . Thus, the electrocompetence seen in NZ131 may be due to some characteristic that is unrelated to natural transformation systems and whose primary role in the cell may even be unrelated to DNA uptake or metabolism. There is no obvious defect in DNA repair in NZ131, so electrocompetence is probably not the result of a heightened tolerance for mismatches that normally would inhibit DNA recombination (71) . Some alteration to the cell surface leading to better binding of DNA or increased stability of membrane pores following electrical shock may allow an increased level of recombination to occur. Whatever the source of this unique feature, it is not something common to all M49 strains since many are poorly transformable (75) . It is possible that little capsule is produced during logarithmic growth on synthetic medium (A. Suvorov, unpublished observation), and this trait may facilitate DNA uptake. However, the strain is fully capable of capsule production, having a canonical capsule operon and overexpressing capsule upon the inactivation of regulatory gene covR (38) (unpublished observation), and so the role of capsule expression in electrocompetence remains unclear. Understanding the cellular basis for the variation in electrocompetence between different GAS strains will be an important advance in the ability to genetically manipulate any strain of interest. Analysis of global gene expression patterns in NZ131 and comparison to other strains that are poorly transformable may help identify the determinants influencing this process. The examination of 13 examples of GAS genomes continues to shed light upon the evolutionary history of this human pathogen. The contribution of endogenous prophages to the biology of GAS is reaffirmed in every genome. However, as the nudABC region shows, novel genetic elements that are not obviously associated with mobile genetic elements can also help share and define particular GAS strains. Additionally, the data strongly suggest that horizontal transfer of genetic material has apparently led to the existence of highly variable virulence-associated regions that are marked by multiple rearrangements and genetic diversification. By contrast, other regions, even those associated with virulence like the one containing streptolysin O, vary little between genomes. The genome regions that encode surface gene products that will interact with host targets or aid in immune avoidance are the ones that display the most sequence diversity, and while natural selection favors stability in much of the genome, it favors diversity in these regions. The characteristics of the strain NZ131 that have been explored in many previous studies of its genetics and pathogenicity can now be complemented with the genome data presented here, and the combination should fuel future research that will increase our understanding of this important human pathogen.
